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A bstr a ct
N IR bidirectio nalrefkctanc edistri budo n ofthirte e nk in ds ofrice can opylS Sim ulated
u 血g the 3
- D Mo Ⅱte Carlo m ethod and m e asu redin an e xperim e ntalBeld. The sim ulatio n
is ca ried out under tw o diffe re nt Beldc ondit ons. One is si mi larto the c o ndition of the
experim e ntal Geld(c onditio nA) and the othe risthe wi de spre ad Beld c o ndit on u nder the
p肝 allel s ola rbe am (c o nditio n B).
The 丘 am e w o rk ofthe sim tl atio n Ⅱ10del is lcm xlc m xlc m sized rect皿gtlar s olid
c eu･ Ea ch cell ha s an infor matio n of leaf area, inclin atio n, and dir e ction which is
c alc ulated llSing a 3- D digtalstere o meastlre皿 ent m ethod. Other than the structural
infor mation
,
the sensitivity of indivi dual 1e afr efle cta n c eis a c c ounted.
nLe Sen sitivityis de cided by m eas u r ng s om e kinds of individu alle af renecta nce .
Fr o n the m easurem ent
,
N IRreflectan c e and tr a n smittance of rice le a v e shas lo w
coefficie nt of v aria:tion.
T he sim11ated bidir ectio n al re皿ecta n ce u nder c o nditio n A fitted the m e asu r ed one
relatively w el ･ As the res ult ofthe siⅡmlatio n, the ratio ofthe r efkctan ce fa cto rsfro m
wi de spread fTl eldto differeTlt View z e nithangle sis s uggested to glV e a V er age inclinatio n
of rice can opy･
I. h tr odtl Ctio n
Radiat3ve transfer sim ulatio n of plant c 皿 OPyis basic to re mote sen slng Of plant
ca n opystate･ A comple x s ce n eis hard to m odel withanalytical 皿 Odels. W ith the
s
.
im ulatio n m odels such as MoⅡte Carlo m ethod〉 oTle C an C OnSider can opystructu re which
is hard to m odel with analytical m odels. T herefore, the sim ulation has be en ca rried out
u sing the M onte Carlo m ethod.
Ro s set al･ (1988)m odeled plant ele m9ntS(le af, ste m) as simple geom etrical shapes.
Ro u nd o rel ipticle aves are assu m ed and the differe nc e of bidir e ctio nalr efle ctance factor
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is estim ated underthe c o nditio ns of differ ent varian c e ofle af in clin atio n, differentdegre es
of ellipticity, the ro w effect, a nd the in瓜uen ce of stem s.
Kim es et all (1 982)representedinform ation ofplmt 也 n OPy Physical
'
state as 3 - D
cellm atrix andde v eloped a sim ulatio n m odel･ A si2;e Ofone ceuis abo utlOc m. Each cell
which c orrespo nds tole af hasinfo m atio n ofleafinclinatio ndistri butio nfun ctio n a ndle af
area inde x. Ea ch c el has the s am e the or etical or empirical le afinclin atio n distri butio n.
sim ulation is carried out with hom ogeneous de nse can opy(& m es, 1984), ho皿 Oge n eOtlS
spa rse c a nopy(Rim es et all , 1985), a nd inho m oge n eous canop y(Kim es et al･, 1 986)･ n e
re sults of the sim ulation is compared with m e asu red valu e, and bidrection al r eflectance
characteristics of v ario u sv egetation canopyare e xplained.
How e v er
,
sim ulatio ns and validatio n of their res ult ha shardly caried out 丘
.
om the
viewpoint of estim ation of c anopy physicalstate of a b ed crop can op y･ On e of the
re a s on is thought to be that the stru cturalm e asure n ent of c anopyhas be en hardly carried
out s othat the ceus are sm allen o ughto c o rre spond to a min ute region of a nindividual■
le af. G.V . M e nzhulinet al.(191)als opointed o ut this as a shortc oming of the sim ulatio n
m odel.
Tberefore, N IR bidire cdo nalre瓜ectan ce distributio n of thirte en kin ds of ric e can op y
is sim ulated using the 31 D Mo nte Carlo m ethod based on c ell h fo m atio ngiv e nfro m31
D structure obtain ed by the le af edge m atching m ethod(私1Shida et al., 1 994a; Kushida
et al., 1 94b) and ste re ophotogram metry inthis paper･ And the sim ulated reflectance
fa ctoris c o mpared with m e as ur ed..Using this m odel, rice c anopybidirectio nalrefle cta n c e
chan Cteristic sis analyz ed.
2. Sin lulatio n m odel
2.I Fielda ndlight c o nditio n
Basically str aightforw a rd m ethod, whichtr aces photon tim e sequ e ntianyis us ed･ A
photon c om es o ut of a light, travellingin a c an opy, andthe n abs orbed h the ca nopyor
get out of the 払 n OPy. Radiativ e transfe rin c an opy and bidirectional rcnectance from
c an opy cal be slmulated by increasing the rL umber ofphoton･ The fate of a photon is
decided by condit o n of both incide nt light and a n opy physicalstate･ The fo r me ris
pres e nted u sing ughtls incident directio n - inte nsity cha n cteristic s a spr obability den sity
fun ction . m e latte ris m e ntio nedin 21 a nd 2.3 indetail.
Sim ulatio n of wi de spr ead c a n opylS re stricted by capa city of c o mpute r m e m ories･
But) w he n a ca nopy c an be pres ented by repeat of a basic tmit〉 the sim ulatio n can be
c arried o ut with a s much m em ories as n ec e ss ary fo rba sic u nit sim ulatio n･ N am ely, a
photon which gets out of a basic unitis equ lVale nt to the one which e･ntered &o m the
oppo site su rface of the basic unit(Rim e set al., 1982). The c on c eption of the 皿Odel is
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sho w nin Fig. 1.
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Fig･ 1･ n e c o n c epdo n ofthe m odel
2.2 c ell info r m atio n
Whe n r adiativ etran sfe rin czLn OP yistried to sim ulate m ore realistic ally, m ore c a n opy
inform atio nis･neces sary. The 丘 amew o rk ofthe sim ulation lnOdelis lcm x lcm xlcm
siz edrectangula r s olid c ell･
The qe suppo sedto be n ot m ore than tw oindividu al lea ves inthe spa c eof e ach cell･
Each c ell has an attribute of air o rleaf o r s oil. A cellwhich has a廿d bute of leaf is glVe n
infor mation ofle af are a, dir e ctio n, a nd hclin atio n. T b6Se inform atio nis obtain ed a s
follo w s. At丘指t
,
leaf direcdon a nd in clin z[tio n o neachle af edgelines are c alculated using
a 3+I)m e as ur 弧 e7It m ethod, the le af edge m atching m ethod a nd ster e ophotogr a m m etry･
刀l elines are divi de into shorter u nitlin es. A cellwhichin cludes ea ch point of a unit
line is giv en info m ation of
■
in clinatio n and dire ctiol 0f the unitline･ Vertical r es olution
of this 7nethod is aboutl･7 mm
,
andthe perpe ndic ular r es olutio nis abo ut 6･8 m m･ T he n,
thepr ojected leaf a re a of ea ch cellis calctllated fr o mthe re ctifieddisparityim age obtain ed
by the method. Cells which hav e o nlyle af ar e ainfo 皿 atio n are glV e ninfo r m atio n of le af
dir e ctio n a nd in cli71atioh by supplem e ntatio n. Attribute of s oilis glVen tO allthe■cellthat
is situated at0 cm height.
之3 Celトphoto n hte rac偵o n s
1) air c ell : A photonis notforced by this ceu. N am ely, a photo ngo straightfor w a rd
in this cell.
2) leaf cell : Let p be leaf reflecta nc efa ctor, I le aftr an smitta n ce fa cto r. Sc a ld SL
are pro3
'
ect8d area Of a celland leaf in the c ellrespectiv ely to a plane which is
perpe ndicularto in cident vector･ Whe n a photo n e nte rs hto the cell, the probability
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of the photo n distributing is (SL/SJ(p＋ T), and that of being abs o加 d is
(sL/Si)(ll P I T), and that oftra nsmittingis 1 - SLβc. Distributio nphase
L
fun clion of
the cellobeys h mbertian･
3) s oilcell: W he n aphoto n
■
ente redthis c ell, the photo nis distributed
`
at the in cide nt
point･ Distri butio nphas e血n ctio n obeys LA mbertian witho ut the spec u血
.
refle cta n ce .
T he spe cular reflectanc efactor cau sed bythe ponding w ater is 2.1% here .
3. .Re&ectan c e m e a s u r e m e nt
3.1 Mea stlrCm e nt COtlditio t1 0f c anopybidire ctional r cnecta tlC e facto r
Ric e cr op(Oliza Saliv a, v ariety: koshihika ri)is cultiv ated at an experim ental 鮎Id
of Univ ersity of Tokyo in 1992･ n ick plot(15cln X 15cm)andth inplot(30cm X
30c m). Reflectanc e mea s urem e nt is carried o ut a w e ek inter val unde r arti丘cial1ight
(450 Wlu mp)just after sun setL Renect皿 C efa ctoris m e a s u red with 10 degr e esF O V. Data
is obtain ed thr ee tim es per o ne object and av eraged. Fig. 2 shows the .device fo r
renecta nce m e as ur e m e nt. h cide nt a ngle to the c anopyis 15 degree s. View azilnuthallgle
is 0 degre e (the opposite of the light) a nd view z e nith is 0, 45, 60 degre es. Soil
rene ctan c e(8 cm w ate rponding)is als o m e as ur ed.
Sens o r
o
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し
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Fig･ 2･ Ca n opyl
･
eflc cta n ce m e asur el--entin㌔～ln eXpe rim cr)tal f
ield
3.2 Meast) r e ment ofindividllal le af reflecta n cefa cto r
Reflectan ce factor P a ndtr an s mittan cefa cto r I often samples of rice in div dual
lea v es a re m e a s u red nondestructiv ely in 1 994. hcident a ngle is 0 degre e and reflection
angle is 45 degre es.
Forthe re s ult, in the NIRregion(850n m - . 9 50n m), the ave rage of p is 0.50 and
that of T is 0.45. Thes e values a nd m e a su red soilreAecta nce pB=0.055a re used for the
slmulation . Co efficient of variatio n of p is about 5%. h the other reglO n S, C O effic e nt of
v ariation is highe rthan 15%. T his sho w sthat N IRr egion is the mo st optim altoふsc a s
the indicator of the 3- D stru cture of ric e c an opywhich is n ot withe r ed･
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4･ Sim tlh tio n of c a n opybidir e c偵o n al･rde ctaJI C e
4.I Co Jlditio n ofthe sim lllatio n
Sim ulatio nis c町ried out u nder the follo wing tw o c onditions.
A . Experim e ntal Beld : T his is the c ondition thatis simi la rto the expe血 ental Beld
m e as urem e Ⅱt c o nditon . h the othe rw o rds, dir ection - inten sity cha racteristic s of the
in cidentlightis appro xim ated by a functio n of y=Ⅰ(0)co s7
'1 60
. w her eI(0)sho w s
the inten sity to the direction 0. Basic tmit is situ ated bas ed o n the m e a su r em ent
sittlation.
B･ W ide spre ad 鮎1d: This is the c ondition that spe c ula rlight ente rs hom oge n eously
to a sc e n e which is compo sed of r epeat of basic unit which spre ad e nough widely
to the v ertical dir ection･ IF O Vof the se ns or c an be any c o mbinations of basic u nit.
h orde rto acco unt fo rthe air efEect, Il is n ecessa ry to c o mbine air reflectan ce
m odels withthis m odel･ T he pr obabiutyc onceming to photo nfate re ma rked in 2.3
is given by ca uslng a S u spected rando m n umber. hdividual le af refle ctan c e and soil
r
.
eflecta nce ar egl Ven byin situ and Bcld m e asu rem ent respe ctively.
B - 1_ L誕ぱ reflectan ce p , abs o rban c ea a nd tr an smittance
a - 2･ p, a and I ar egiv e n aSfollo w s.
･P= ≡Pe＋P,
α 三 a
c
＋a
v
て =1 - p
-
α
(1)
T are c o n sta nts.
Wher e pc a nd a c ar e c o n stants･ py a nd a , are ±0･05pc a nd ±0･05a c
r e spe ctiv ely.
4.之 Co mpa ris o tLbetw een sin tlJated 由hd m ea s ur ed
N IR bidire ctionalreflecta n c edistributio n ofthirtee 皿kinds ofdce c m opylS Sim ulated
ullder c o ndito nA Fig･ 3･ sho w sthe c omparis on ofthe calc ulatedrefle ctan c efactorto the
view a zim uth 180 degre s, vie w ze nith0, 45J 60 degre es with the m e asu red o n ein a n
experim ental field･ Ro ot m ean squareerror is respectively･ T Lis shows the sim ulation is
effectiv e for valuating the ric e ca n opybidirectio nalr eflectan c e.
4 3 SitTLt)latio n ofrice can opyre瓜e ctan c eiD wi de spr e ad fields
Fig･ 4. sho w s si7nulated NIR bidire ctio n al r efkctan ce distribution of th irteen k in ds
of rice can opyunder co ndito n B 1 1･ hcident z c nitha ngle is 15 degr e es. 1.15X 10
6
photo n s ar etraced･ Follo wing re sults a re obtained by the sim ulatio n･
Basicaly, r e鮎ctan c efacto rinclinedto be higherto e a ch dir e ctio n as rice gr o w sup.
This sho w sth3t the effect ofthe total leaf are aincr e asl ng O nbidir ectio n al renectan c eis
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m o re do min a nt tha nthat ofle af in clin atio nin e a ch directio n.
How e v er
,
c omparing the de nse plotin July 16 thwiththt･of July 21 th, the fo m e r
hashigherrenectanc eto the nadir dir e ction, and haslow er refle ctan c cto gre aterthan 30
degre es ze nith angle･ This is the case of eithe r0) 45) 90 degre es azim uth a ngle･ T出s
se e medto be ca us ed by the diffe rence of le afin clinatio n.
T he r efore, relatio nbetw een le afav er ageinclinatio n and R(45
'
)侭(O
o
)is analyzed.
W lere A(¢)is the r efle ctance fa cto r to view zenith angle 4･, a zlmutll angle 180
o
.
Without e a rlier gro w也 stage s(without data of thin plotin Ju ne 9 thandJune 16th), the
tw opar a mete rs ar e adequ ately c orr elated･ The c orrehtio n c oefficientis 0.84.
5. Co n clu sio n
h this paper, NIR bidirectionalrefkctan ce distri bution ofthirtee n kinds of rice
c anopylS Simulated llSing the 3
- D Mor[te Ca rlo method and 皿 ea Su red in an experim e Ⅱtal
鮎1d. The sim ulatio nis c a rried o ut u nder tw o diffe r ent 丘eldc o nditions. On eis.similarto
the 甲ndition ofthe e xperim ental丘eld andthe otheris the wi de spre ad 鮎Idc o nditio n
u nde rthe s un shhe. t he sin ulated reflectancefactor unde rthefo r me rc o nditio nfittedthe
m easur ed o n e r elativ ely w el. As the res ult ofthe sim ulatio n, the r atio of the reflectance
血ctors丘om wide spre ad Beldto diffe re ntvie w z enith a nglesis s uggestedto gl Ve a v er age
hclin atio n of rice c an opy.
h c o n s equ e n c e ofthis resear ch, bidirectionalr eflecta ncc char a cteristic s ofrice can opy
shouldbe analyzed using th is m odel u nder s o me kinds ofphysical c ondition s.
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